ABSTRACT: We determined the monthly and annual riverine freshwater, nitrogen (N) and phosphorus (P) loading into the North Sea from Belgium, The Netherlands, and Germany for the years 1977-2000. An average of 133 km 3 yr 21 of the 309 km 3 yr 21 precipitation into the watershed is carried by the rivers into the sea. Total freshwater discharge fluctuates with a strong 6-7 yr periodicity, is strongly correlated with precipitation, and exhibits a slight long-term decrease. The temporal changes of regional patterns of precipitation lead to changing ratios of annual discharge of the western rivers compared to the eastern rivers, varying between 2.2 and 3.5. The long-term oscillations in discharge were more pronounced as discharge increased. The annual means of total and dissolved inorganic N and P loads were estimated to be 722 and 582 kt N yr 21 and 48 and 26 kt P yr 21 , respectively. The monthly N loads were much more strongly correlated with discharge, compared to the monthly P loads. Total N and P as well as dissolved inorganic N also demonstrated a 6-7 yr periodicity. The annual N loads decreased by about 17 kt N yr 21 from 1977 to 2000. The total phosphorus and phosphate loads decreased from about 80 and 50 kt P yr 21 in the 1980s to 25 and 12 kt P yr 21 , respectively, in the 1990s. The western rivers contributed the major part of the nutrient loads. The long-term oscillations in their nutrient loads were much more pronounced, compared to the eastern rivers. The area-specific loading rates estimated for all rivers are comparable to earlier estimates using shorter data records, smaller sample sizes, and a less complete watershed monitoring program. The monthly and annual average N:P ratios and their variability increased considerably for individual rivers during the study interval. These results confirm that the water quality of European continental rivers is strongly influenced by intense land use. They demonstrate the necessity for using long time series monitoring results to assess change and evaluate the effects of climate change on the North Sea coastal ecosystems, using ecosystem models on decadal time scales.
Introduction
Eutrophication has been recognized as a potential problem for several decades (Rhyther and Dunstan 1971; Rosenberg 1985) . In a survey of the biogeochemical cycles of the world oceans' coastal zone, Jickells (1998) demonstrated that the pressures from the human populations around the coastal seas, such as habitat destruction, waste disposal, and intensive agriculture, are already fundamentally challenging the biogeochemical cycles in many areas. Based on projections for food production and wastewater effluents, Bouwman et al. (2005) predicted that the global river nitrogen (N) flux to coastal marine systems will increase by 13% in the coming three decades, which will lead to eutrophication problems. For Europe a decrease by 20% is projected for the 1995-2030 period, but at present many coastal areas of the North Sea are highly eutrophic. Human activity has altered not only the discharge of nutrients but may also have changed the carbon balance in the North Sea from net heterotrophic to net autotrophic (Kempe 1995) .
The most eutrophic area in the North Sea is the continental coastal strip along Belgium, The Netherlands, Germany, and Denmark (Fig. 1) . Nutrients enter the North Sea via various pathways. The Atlantic Ocean is the main natural source of nutrients, while rivers, the atmosphere, and diffusive and direct sources provide natural as well as anthropogenic inputs. The relative importance of the river inputs was under debate for a long time (Galloway et al. 1996; Howarth et al. 1996) . The best way to determine the relative importance of the various inputs for the state of the coastal waters is to calculate nutrient budgets for the whole North Sea. Such budgets can be calculated from a model simulation as performed by Proctor et al. (2003) . For this, it is essential that the nutrient inputs are introduced with sufficient accuracy. When Gazeau et al. (2004) attempted to establish a metabolic balance using the current database for European coastal seas, they failed, even for the North Sea. Obviously, the database has to be improved for this purpose. One important input parameter in budget-ing is the riverine nutrient flux into the North Sea, which will be the focus of this paper.
For the North Sea, Nelissen and Steffels (1988) set up the first nutrient budgets. They demonstrated the overwhelming importance of the riverine nutrient inputs into the continental coastal zone of the North Sea by using climatologically averaged annual river load estimates. Radach (1992) presented improved budgets, still using the climatologically averaged annual river loads estimated by Nelissen and Steffels (1988) . No seasonal or interannual variability of the loads could be taken into account in these considerations due to the lack of data.
In coastal waters large temporal and spatial variability of loads imposes variability on the corresponding parameters of the coastal sea. Variability of human activity in combination with climate variability is the largest contribution to the variability of the ecologically important parameters in the rivers and coastal seas. Climatic variability over the North Atlantic acts in two ways on the North Sea: it determines the Atlantic inflow into the North Sea and governs the precipitation over continental Europe (Greatbatch 2000) . It has a significant effect on river discharges and nutrient loads. It is still an open question how the regional patterns of precipitation and riverine nutrient loads are related to this atmospheric variability.
Long time series are necessary for assessing the relations between these agents and are finally becoming available. Data on freshwater discharge and nutrient concentrations in single rivers have been collected and made available during the last decades by many authorities in the countries bordering the North Sea. Calculations of nutrient loads for the continental rivers based on these data were performed in an attempt to simulate the eutrophication in coastal and central North Sea waters. Simulation models require input data for all rivers entering the North Sea. The modelling project ERSEM (Baretta et al. 1995; Baretta-Bekker and Baretta 1997) provided the most comprehensive data sets (Lenhart et al. 1996) . These were also used in other model simulations for estimating nutrient loads to enable an assessment of the relative contributions of the single rivers to the eutrophication of the coastal sea and to compare these to other sources of nutrients (Lenhart et al. 1997; Pätsch and Radach 1997) .
These comprehensive data sets of the continental riverine freshwater and nutrient inputs into the North Sea (Lenhart and Pätsch 2001) were extended up to the year 2000 by Pätsch and Lenhart (2004) . Their new time series allow more realistic estimates of freshwater discharges and nutrient loads than were previously possible.
In this paper, time series of daily discharges and nutrient river loads from the European continental rivers for 1977-2000 are presented. Their characteristics are discussed on monthly, annual, and decadal time scales. The river loads are put in relation to other environmental variables such as rainfall and the North Atlantic Oscillation Index (NAOI). The analysis of the time series of precipitation in the catchment areas of the main rivers is used to supplement the interpretation. The area-related results for the individual rivers are compared with each other and with other watersheds. We discuss the consequences of the results on the assessment of eutrophication of the continental coastal waters.
Materials and Methods

DATA SOURCES
The raw data entering the load calculation are in all cases values of discharge and nutrient concentrations. We restrict our analysis to the observations of total nitrogen (TN), nitrate or nitrate plus nitrite, ammonium, total phosphorus (TP), and orthophosphate as the main nutrients. Freshwater discharges were mostly sampled daily while concentrations were sampled weekly, biweekly, or monthly. In the latest report by Pätsch and Lenhart (2004) the river loads were presented for the years 1977 to 2002. These data can be downloaded from pub/data/ riverload at ftp.ifm.zmaw.de. Here we evaluate the time series until the end of the year 2000. The original data were kindly provided by the following All data for the river Elbe were provided by the Arbeitsgemeinschaft fü r die Reinhaltung der Elbe. The data were published in an annual series Wassergü tedaten der Elbe as well as in special issues. The documents are available in the internet under www.arge-elbe.de. The discharge data represent daily measurements from the last tide-free gauge station at Neu Darchau at km 536. Until 1991 the concentration data were from weekly samples at the site Teufelsbrü ck (km 630) just downstream of Hamburg harbour. Thereafter, the data stem from weekly samples at the sampling station Seemannshö ft (km 628). At these two stations, the outlets of the big water treatment plant Kö hlbrandshöft are not yet completely mixed with the Elbe water. Both sampling sites are well upstream of the tidal mixing zone near Glü ckstadt (at about km 674), which is characterized by a chloride content of 150 mg l 21 . Before 1993, the nutrient data were derived from individual samples; from 1994 onwards the data were taken from horizontal profile mixing probes. For the rivers Weser and Ems, the daily flow data were obtained at the last tide-free gauge stations Intschede and Herbrum, respectively, by the Bundesanstalt fü r Gewässerkunde in Koblenz. The data are regularly published in the annual series of the Deutsche Gewässerkundliche Jahrbü cher. Information is also available in the internet under www.bafg.de. The concentration data for the same stations were provided by the Landesamt fü r Ö kologie (LfÖ ) in Hildesheim (Anonymous 1998) . Information on the data is also published in the internet under www.nloe.de.
River inputs from the Dutch coast were supplied by Rijkswaterstaat in The Netherlands. Information on the data is provided by the series Jaarboek Monitoring Rijkswateren, for which general information is available in the internet under www. waterland.net/jmr. Since The Netherlands have established a dense network of channels for regulating the water flow and, especially, the water level throughout the country, it is not possible to trace back the input of a certain river, e.g., the Rhine. The data of The Netherlands' inlets contain concentration and discharge data right at the inlet. The river input data from the Belgian coast refer to the river Scheldt. The RIKZ in the Netherlands provided data at the Belgian-Dutch border at the location Schaar van Ouden Doel. The discharge data were available from 1977 onwards, and as daily values since 1990. The concentration data were measured every 2 wk. Further details about data sources, frequency, and methods of riverine observations were given by Pätsch and Lenhart (2004) .
Rain data were provided by the Deutscher Wetterdienst (Abteilung Hydrometeorologie) in Kaiserleistrasse 44, 63067 Offenbach, Germany (www.dwd.de), as monthly values of heights of precipitation for the catchment areas (Gebietsniederschlagshö hen) of the rivers Elbe, Weser, Ems, and Rhine. Multiplication of the monthly heights of precipitation (mm) with the catchment areas (km 2 ) results in the total monthly amounts of precipitation within the catchment areas (km 3 ). Rain data for 1977 -2000 1977 -2000 1978 -2000 1977 -2000 1977 -2000 1978 -2000 1977 -2000 Ems 1977 -2000 1977 -2000 1980 -2000 1977 -2000 1977 -2000 1977 -2000 1981 -2000 Haringvliet 1977 -2000 1977 -2000 1977 -2000 1977 -2000 1977 -1994 1977 -2000 1977 -2000 -2000 Nieuwe Waterweg 1977 -2000 1977 -2000 1977 -2000 1977 -2000 1977 -2000 1977 -2000 1977 -2000 Nordzeekanaal 1977 -2000 1977 -2000 1977 -2000 1977 -2000 1977 -1994 1977 -2000 1977 -2000 -2000 Scheldt no data 1977 -2000 1977 -2000 1977 -2000 1977 -1994 1977 -2000 1977 -2000 -2000 Vrouwenzand no data 1977 -2000 1977 -2000 1977 -2000 1977 -1994 1977 -2000 1977 -2000 -2000 Weser 1977 -2000 1977 -2000 1980 -2000 1977 -2000 1977 -2000 1977 -2000 1981 1994 -2000 the drainage areas of the other rivers, like Meuse and Scheldt, were not available. The time series for the NAOI were taken from the web pages provided by James W. Hurrell, National Center for Atmospheric Research, U.K. (www.cru. uea.ac.uk/cru/data/nao.htm) and Jeffrey C. Rogers, Ohio State University, USA (www-bprc.mps. ohio-state.edu).
Methods
We used the double linear interpolation method for calculating loads from discharge and concentration data (Pätsch and Lenhart 2004) Observational gaps of 1-3 yr exist for 10 of 56 time series (Table 1) . We have closed these gaps by using the linear regressions listed in Table 2 , where the regression parameters including confidence limits (CL) are given for the 10 regressions made. For the rivers Elbe, Ems and Weser the river loads of TN and nitrate correlate very well (r . 0.92, p 5 0.01), and TN loads were estimated for the missing years by the regression on nitrate loads. For the same rivers TP is missing for a few years. Although TP and dissolved inorganic phosphorus (DIP) have sometimes rather different annual cycles, TP loads correlate quite satisfactorily with loads of DIP; the regression of loads of TP on loads of DIP could be used for the Elbe (r 5 0.63, p 5 0.01) and the regression of DIP loads on TP loads was used for rivers Ems (r 5 0.56, p 5 0.01) and Weser (r 5 0.83, p 5 0.01). For four Dutch outlets, the loads of ammonium had to be estimated for the interval 1995-1997, which was achieved by regressing ammonium loads on TN loads (r . 0.78, p 5 0.01).
There is a shift in the TP data, showing different regimes before and after 1991. As we are not the data originators, but collected the data from the different authorities, we must rely on the publications about the data and the reported methods used to obtain them. We checked the data as far as possible and did not find any flaws. We also observed a shift related to the DIP loads for several rivers since 1991. For the river Elbe, the reunification of Germany certainly had consequences for the river loads. For other rivers, we have no idea why this change occurred.
Three aspects have to be regarded when estimating the amounts of nutrients entering the sea. The observations of freshwater discharges and nutrient concentrations used for estimating the river loads are usually not measured at the same location. Since the North Sea is a tidally influenced shelf sea, the inflowing rivers show typical estuarine characteristics. Any measurement monitoring the outflowing river waters has to avoid observations in mixing water masses. The discharge data entering this study were usually measured at the last tide-free gauge station, except for the Dutch data. The concentration measurements were made more towards the river mouth, in contrast to the position of the discharge measurements. In order to get a sample of pure river water, it is taken at low tide so that mixing processes can be considered to have only a minor influence. In this way the concentration measurement represents the state of the river water entering the North Sea as well as possible.
A second aspect of the data is that tributaries entering the river downstream of the observational 30% and 19%, respectively (Pätsch and Lenhart 2004) . These additional amounts of freshwater would increase the total amount of continental freshwater discharge by about 5%. We have not applied these factors in our calculations (Tables 3,  4 , and 5), because they are rather uncertain. For all other rivers the discharges were estimated directly at their entrance into the North Sea. A third aspect is that the calculated loads have to pass the estuaries before they enter the North Sea, as the measuring stations are intentionally positioned upstream of the estuary. The discharged nutrients are used within the estuaries, and the loads will not remain as they were estimated. This retention of nutrients in estuaries cannot be ignored. The conversion of the nutrients from inorganic to organic forms as well as the opposite pathway during their passage through the rivers and estuaries downstream from the observational stations should be considered in any calculations of riverine inputs to the North Sea. Nixon et al. (1996) found that, on average, about half of the N inputs from rivers is consumed within the estuaries and suggested that this effect can be accounted for by applying a factor of 0.45 to the loads calculated in the usual way. Denitrification is a major sink for N on the continental shelves and in the estuaries (Jickells 1998) . It is still under debate how to quantify this loss of river borne N before it enters the coastal sea (Van Beusekom et al. 1999) . In Tables 4 and 5 the nutrient loads given are not yet reduced by a retention factor. Figure 2 presents the time series of the cumulative discharge of the rivers Ems, Nordzeekanaal, Scheldt, Weser, Vrouwenzand, Elbe, Haringfliet, and Nieuwe Waterweg (in this sequence from bottom to top). A negative long-term trend of about 21.22 km 3 yr 21 exists in the time series of total annual discharge values. Superimposed on this trend, an oscillation appears with a period of 6-7 yr. This periodicity was maintained when the annual integration was started in July instead of January. Four maxima (182, 177, 161, 140 km 3 yr 21 ), decreasing in magnitude, are following each other every 6-7 yr. The average of all annual discharge values is 133 km 3 yr 21 , with a standard deviation of 26 km 3 yr 21 . The average annual precipitation of 309 km 3 yr 21 , summed over the catchment areas of the rivers Ems, Weser, Elbe, and Rhine, is more than twice the amount of water discharged by all rivers. The total average annual precipitation, including the watersheds of the rivers Scheldt and Meuse, would be even larger. The time series of cumulative annual discharge (lower curve) is similar to the time series of cumulative annual precipitation (upper curve). Precipitation also shows the same periodicity of 6-7 yr as discharge does. The cross-correlation is best for a time lag of zero, with r 5 0.73 (CL 0.35, 0.90 for 99% probability). The corresponding time series of monthly data (not shown) correlate less well, but are best correlated at a time lag of 21 mo, with a correlation coefficient r 5 0.35 (CL 0.20, 0.48 on the 99% level). Freshwater river discharges and precipitation correlate very well for annual data, but less well for monthly data.
Results
FRESHWATER DISCHARGES AND PRECIPITATION IN CATCHMENT AREAS OF THE CONTINENTAL RIVERS
The annual cycles of monthly total continental freshwater discharge exhibit a large variability, because they are strongly influenced by the precipitation pattern over Europe, the melting cycles of snow and glaciers, and the construction of channels in The Netherlands. Contrary to the annual amounts, no long-term trend is obvious in the monthly integrated values of discharge (Fig. 3 ). There is a slight indication that the minimum values in summer decrease in the long term.
The ratio of the freshwater discharges from the western, mostly channelled, rivers (Nordzeekanaal, Scheldt, Vrouwenzand, Haringvliet, Nieuwe Waterweg) discharging into the Southern Bight, to those of the eastern rivers (Ems, Weser, Elbe), discharging into the German Bight, varies considerably over the course of the 24 yr between 2.2 and 3.5. This indicates varying regional patterns of precipitation and melting of ice and snow over continental Europe on time scales of 6-7 yr (Fig. 3) . The low ratios occur at maximum annual discharge rates and the highest at the minimum rates, except for the last period since 1996.
NUTRIENT INPUTS
Monthly TN, DIN, TP, and DIP loads show clear similarities but also strong differences in their longterm developments (Fig. 4) . They are related to highly variable discharge, which is clearly seen for both N and P when visually comparing Figs. 3 and 4. The monthly nutrient values strongly correlated with discharge rates for N and less strongly for P. Large monthly inputs occurred during spring in the years 1994 , for example, the monthly total discharge values were small all yearround, and the nutrient inputs were accordingly low.
The variability of riverine nutrient input is largest on small time scales (# months), which is not shown here. The time series of monthly TN and DIN show strongly varying seasonal cycles, and no clear overall decrease is visible. TP and -even more -DIP show a downward trend. Their maxima occurred during the period 1979-1981 and loads have decreased since then, except for TP during the years 1994 and 1995. These years brought extraor- Fig. 2 . Annual amounts of total freshwater discharges of the continental rivers, cumulative over the rivers Ems, Nordzeekanaal, Scheldt, Weser, Vrouwenzand, Elbe, Haringfliet, and Nieuwe Waterweg (from bottom to top); dashed line: linear trend of total discharge; and annual amounts of precipitation for the catchment areas of the continental rivers Ems, Weser, Elbe, and Rhine, and total discharge. Fig. 3 . Monthly values of total freshwater discharges of the continental rivers, cumulative over the rivers Ems, Nordzeekanaal, Scheldt, Weser, Vrouwenzand, Elbe, Haringfliet, and Nieuwe Waterweg (from bottom to top); annual amounts of freshwater discharges of the eastern (thick line) and of all (thin line) continental rivers, cumulative over the rivers (left axis), and ratio of annual amounts of freshwater discharges of the western and eastern continental rivers (dashed line, right axis). dinarily high freshwater discharges. They were the cause for high N loads in these years. TP increased during these two years to threefold of the average level during the 1990s, phosphate values increased only twofold (Fig. 4) . Nitrate concentration is more closely related to freshwater discharge than phosphate is, as was shown by correlating these nutrient concentrations in the river Elbe with Elbe freshwater discharge (e.g., Hickel et al. 1993) .
Annual loads of TN, TP, DIN, and DIP fractions declined over the period of 24 yr in the rivers Elbe, Weser, Ems, and Rhine (including Meuse and Scheldt). The annual amounts of all four compounds exhibit the cyclic long-term behavior (Fig. 4) that was also apparent in the freshwater discharges (Fig. 2) . Summed over all continental rivers all four nutrient parameters show maxima every 6-7 yr. On the decadal time scale, only phosphate shows nearly no change in the annual loads during the mid 1990s (Fig. 4) .
The annual loads of the nutrients, summed over all rivers, are given in Table 4 together with the corresponding freshwater discharge and precipitation within the respective catchment areas. The averages and standard deviations of the precipitation, water discharge, and annual loads are also given (last line). Averaged over the 24 yr from 1977 to 2000, the mean nutrient load of TN is 722 kt N yr
21
; the corresponding value for TP is 48 kt P yr 21 , with standard deviations of the annual values of 182 kt N yr 21 and 19 kt P yr 21 , respectively (Table 4 , last line). For annual N loads the standard deviation is about 25% of the means, whereas for P it is 40-50% of the mean values. For comparison, the annual standard deviation for freshwater discharges is 20% of the mean value. The DIN load accounts for 81% of the TN load. For P, the DIP load is 54% of the total load. When considering the statistics, it should be noted that the TP and TN loads have undergone strong decreases, from 60-70 kt P yr 21 and 800 kt N yr 21 in the late 1970s to about 25 kt P yr 21 and 550 kt N yr
, respectively, in the late 1990s. TN, TP, and DIN also showed the 6-7 yearly periodic signal for the nutrient loads of eastern and western rivers regarded separately. The nutrient fractions in the eastern and western rivers change in relation to each other in the same way as the relative fractions of discharges. Figure 5 shows the time series of the annual values of TN, TP, DIN, and DIP for the eastern (Ems, Weser, Elbe) and western (Nordzeekanaal, Scheldt, Vrouwenzand, Haringvliet, Nieuwe Waterweg) rivers. For all four compounds, the western rivers contribute the major proportion of the loads discharged into the North Sea, and the long-term oscillations are more pronounced for them compared to the eastern contributions. The clear signal for the western rivers was disturbed in the early 1980s, whereas the eastern rivers do not show such irregularities.
RELATIONS BETWEEN ENVIRONMENTAL PARAMETERS
Correlations between Rainfall, Riverine Freshwater Discharges, and NAOI
Cross-correlation analysis supports the results of Fig. 2 that total annual precipitation and riverine freshwater discharge are closely related. As freshwater discharge determines the nutrient loads into the North Sea, nutrient discharge, and especially N discharge, appear to be largely controlled by precipitation. Recent precipitation anomalies over Europe are associated with the upward trend of NAOI (Fig. 6 ) during the past several decades (Greatbatch 2000) . Figs. 2 and 4 suggest that the long-term low frequent oscillation of 6-7 yr duration may be connected to the NAOI via precipitation. We have cross-correlated the annual NAOI as well as the seasonal NAOIs (using both data sets, from Hurrell and from Rogers) with the annual precipitation for the total catchment areas (Ems, Weser, Elbe, and Rhine), for the eastern (Ems, Weser, Elbe) and western (Rhine) catchment areas, as well as with the seasonal precipitation (total, eastern, and western areas). Altogether we did 26 cross-correlations that were not significant, except for one case.
The annual NAOI correlates neither with annual precipitation nor with annual river discharge, neither for the total nor for the eastern or western precipitation or catchment areas, respectively. Nor do the seasonal time series of NAOI yield any significant correlation with seasonal precipitation, except for spring in the eastern area; spring NAOI correlates negatively (r 5 20.57, CL 20.85, 20.04 for 99%) with the precipitation from the eastern catchment area that occurred 1 yr later. The expected correlation between winter NAOI and winter total, eastern, or western rainfall remained slightly insignificant (r 5 0.51 for total winter precipitation, with CL -0.02, 0.81). These results are discussed below in connection with the findings of climate research.
N:P Ratio
The ratio of N and P inputs is important for the way the coastal ecosystem reacts to the inputs, for example with respect to changes in species composition and increasing primary production (Hickel 1998; Radach 1998) . The N:P ratios are given here as tN/tP, to correspond with the previous calculations; e.g., the value 7.23 (tN/tP) is equivalent to the molar Redfield ratio of 16 (mol N/mol P). Because P loads decreased more rapidly than N loads, the mean N:P ratios on the basis of monthly as well as annual loads have increased significantly during the considered decades in the individual rivers, both for the total and dissolved inorganic fractions. The N:P ratios calculated from monthly loads show strong annual variability (Fig. 7) ; the mean values increased over time, both for the total and dissolved inorganic fractions. The ratios of TN to TP ranged between 10 and 40; the ratios for the dissolved inorganic fractions ranged between 10 and 110. At the same time the range of variability has strongly increased over the years, much more strongly than the annual mean values did, both for total and dissolved inorganic matter. From 1977 to 1986 the N:P ratio of the dissolved inorganic fraction ranged between 10 and 40. The range has more than doubled in the years from 1987 until 2000.
Annual N:P ratios (Fig. 8) derived from annual loads smooth out the high variability of monthly N:P ratios for total as well as for dissolved inorganic matter (Fig. 7) . The annual ratios of total matter varied between 12 and 21. For dissolved inorganic matter they remained relatively small (about 15-18) during 1977-1985, but increased up to values around 40 during 1993-2000.
The N:P ratios for different rivers differed distinctly, as can be seen from Fig. 9 . As an example, we contrasted the time series of N:P ratios of monthly loads for the rivers Elbe and Nieuwe Waterweg. The N:P ratio of total matter for the river Elbe shows lower variability until 1986 and stronger variability over the rest of the time interval. The corresponding time series for river Nieuwe Waterweg showed regular small variability (range 8-15) until 1991, changing thereafter to increasing annual amplitudes (range 8-30). The ratio of monthly values of dissolved inorganic nutrients for the Elbe remained below 50 until 1986, but increased thereafter to annual maximum values between 70 and 180. The ratio for the Nieuwe Waterweg started to increase strongly 4 yr later, and the ratios are much smaller than for the Elbe, namely 35 to 50. In all four time series, a visible change appeared from 1987 onwards.
The main pulses occurred at different times within the years for both rivers. In 1995 two events in the N:P ratio are recognizable for dissolved inorganic matter in Nieuwe Waterweg, with maximum N:P 5 45, whereas river Elbe had only one high maximum of N:P 5 175. In 1991, the event structure as well as the absolute values of the N:P ratios are similar for both rivers. The N:P ratios of the annual loads (not shown) mask these differences and exhibit rather similar evolutions of the N:P ratios for summed dissolved inorganic nutrients, as shown in Fig. 8 . (Table 5) , which is close to the value of 28 given by Howarth et al. (1996) for the corresponding region. The four watersheds behave differently. The N:P ratio ranged from 29.6 (Rhine) to 55.7 (Ems). The values are higher for inorganic dissolved material (N:P 5 41.1 to 126.2), indicating a relatively small amount of phosphate (N:P . 16) entering from the watersheds, especially for the watersheds of the rivers Ems (N:P 5 126.2) and Elbe (N:P 5 87.6). Thus, in all four rivers algal growth was P limited. This has also been shown to be the case for most North American and European watersheds ( Table 2 in Howarth et al. 1996) .
WATERSHED PROPERTIES
Discussion
The 24-yr time series we have compiled have a temporal resolution that enables analyses on time scales of months, years, and decades. Our results contribute to (time-dependent) budgeting of nutrients in the North Sea, to the comparison of watershed properties of the rivers Elbe, Weser, Ems, and Rhine with one another and with other watersheds, and to the assessment of eutrophication in the receiving coastal waters of the North Sea. These three aspects are discussed here.
RIVERINE INPUTS IN RELATION TO OTHER BUDGET CONTRIBUTIONS TO THE NORTH SEA
Budgets for the North Sea were developed and steadily improved for water and the nutrients N and P over the last two decades (Nelissen and Steffels 1988; Radach and Lenhart 1995; OSPAR 2000; Thomas et al. 2006) . Numerous estimates for the individual nutrient inputs from the nations bordering the North Sea were included in the budgets; e.g., the nutrient loadings to coastal waters of Norway by Ibrekk (1991) and to those of the U.K. by Littlewood et al. (1998 (Fig. 2 and Table 4 ). The continental freshwater river input provides about 30-51% of the Fig. 9 . N:P ratios of total and dissolved inorganic nitrogen and phosphorus, as monthly loads for the rivers Elbe Rhine (Nieuwe Waterweg). The upper, thin curve in both panels is for dissolved inorganic material.
North Sea Riverine Inputs total amount of freshwater river discharge into the North Sea. The rivers deliver very different amounts of freshwater to the North Sea ( Fig. 2 and Table 3 ). The largest contributions come from the rivers Rhine (Nieuwe Waterweg, Haringvliet, and Nordzeekanaal) and Elbe. The amounts of freshwater discharge are mainly determined by the sizes of the catchment areas (Table 3) .
Mean net precipitation over the North Sea amounts to 50-100 km 3 yr 21 according to Carlson (1986) 21 , consisting of precipitation over the North Sea, the freshwater input from rivers, and the outflow from the Baltic Sea, is small in relation to the volume of 47,000 km 3 of the Greater North Sea (delimited by 62uN, 5uW). It is also small in relation to the inflows of North Atlantic water at the northern boundaries of about 44,150 km 3 yr 21 (1.4 Sv) and to the outflow at the northern boundary of the Norwegian Trench, which is of the same magnitude (47,300 km 3 yr 21 5 1.5 Sv; Fig. 2 .14 in OSPAR 2000). Although the total freshwater input is even smaller than the order of magnitude of the uncertainty of the inflow and outflow estimates for seawater (Radach and Lenhart 1995) , the riverine inputs of nutrients and their temporal and spatial variabilities are very important for the coastal subregions of the North Sea, because the currents keep them near the coasts.
Our new estimate of the riverine input of TN into the continental coastal zone amounts to an average of 722 kt N yr 21 , including 582 kt N yr 21 of DIN (Table 4) . Our estimate for N nutrient input by the continental rivers is slightly higher than the 550 kt N yr 21 given by the North Sea Task Force (1993) ; it is about half of the 1400 kt N yr 21 estimated by OSPAR (2000) for all rivers entering the North Sea. The budget formulated by OSPAR (2000) includes, in addition to river inputs, N inputs from the atmosphere of about 350 kt N yr 21 . Possibly, another 2700 kt N yr 21 are gained by algal fixation, but 1600 kt N yr 21 are possibly lost to the atmosphere by denitrification (OSPAR 2000) . Howarth et al. (1996) estimated the total input of N from land into the whole North Sea to be 1220 kt N yr 21 , while OSPAR (2000) gave a value of 916-928 kt N yr 21 for the year 1996, including the English Channel, Kattegat, and Skagerrak. A recent compilation gives 761 kt N yr 21 for the year 2000 (EEA 2005), which is comparable to our value for the share of the continental rivers of 537 kt N yr 21 for the year 2000 (Table 4 ). Our estimate for TP of 48 kt P yr 21 for the continental rivers is comparable to the value of 66 kt P yr 21 given by OSPAR (2000) and 99 kt P yr 21 estimated by Howarth et al. (1996) , both values are given for all rivers entering the North Sea.
All of these values for riverine inputs are small compared to the advective inflows and outflows of the North Sea, which are about 10 times as large (OSPAR 2000) . Recently, nutrient budgets were formulated by Thomas et al. (2006) , using results that were obtained with an advanced and regionally extended version of the ecosystem model ERSEM (Pätsch and Radach 1997; Heath et al. 2002) . Thomas et al. (2006) ), making use of our river input time series. The river inputs make up only 9.4% and 4.3% for N and P, respectively, compared to simulated advective inflows and outflows.
The large inflows and outflows across the northern boundaries are hardly relevant for the continental coastal zone (Radach and Lenhart 1995) . Since the riverine inputs are concentrated in the continental coastal zone of about 50 to 100 km width, their effect is very strong in this area (Radach 1992) . The molar N:P ratios for the total fractions of riverine inputs have increased from 10 to 20 during the period 1977-1986 to 15 to 30 from 1992 to 2000. Observations of nutrient concentrations in the coastal waters, for instance at Helgoland Roads (German Bight), have shown that the temporal development of riverine inputs was imposed on the receiving coastal waters (Fock 2003) . The strong changes of N:P ratios in the sea over the last decades were attributed to the change of nutrient inputs during that time (Radach et al. 1990; Hickel et al. 1992; Hickel 1998 ). This had severe consequences for the coastal ecosystem, e.g., a drastic change in algal species composition (Van Beusekom and DielChristiansen 1994) . It seems that the enhanced nutrient supply by the rivers leads to increased primary production in the coastal waters and, especially, in the Wadden Seas, where DIP acts as the limiting nutrient (Van Beusekom et al. 2005) .
The long-term trends of the nutrient loads of the continental rivers and their effects on the coastal waters have been recognized and discussed in many papers (Radach 1992; Sü ndermann et al. 1996; Visser et al. 1996; Grimvall et al. 2000; Van Beusekom et al. 2005) . The periodicity of 6-7 yr that is superimposed on the long-term trends, was not noticed so far, at least to our knowledge. This may be due to the fact that often the time series were averaged by running means over 3-5 yr Visser et al. 1996) . Visser et al. (1996) performed spectral analyses of the several time series of observations in the waters of the continental coast of the North Sea. They obtained significant periods only in the time series from Helgoland Roads in the range of 6-7 yr for salinity (6.6 yr), chlorophyll (6.2 yr), nitrate (7.4 yr), and silicate (6.8 yr). Although they used the load data from the rivers Elbe and Rhine for their interpretation, they did not analyze them spectrally. Periodicities of several years also seem to occur for rivers in other continents. The Mississippi River nitrate load seems to follow a 5-6 yr cycle (McIsaac et al. 2002) .
Several long-term data sets have become available for the North Sea that may be used for timedependent budgeting. Littlewood et al. (1998) provided time series of estimated annual river mass loads of DIN, TP, and DIP for the years 1975-1995 as sums for all U.K. rivers discharging into the North Sea. Heath et al. (2002) fed their simulations with loads of specific years for the single U.K. rivers. For the Baltic outflow into the North Sea more information on time-dependent nutrient loads have become available, because of the intensive work on the eutrophication of the Baltic Sea (Wulff et al. 2001) . Stalnacke et al. (2003) presented time series of river loads for rivers discharging into the Bay of Riga (Baltic Sea) for the period 1987-1998, which reflect the drastic reduction of fertilizers in the Baltic states Estonia, Latvia, and Lithuania. All of these time series of river loads are important building blocks for establishing time-dependent budgets of nutrients in the continental coastal zone. They can be used as forcing functions for ecological simulation models (e.g., Pätsch and Radach 1997; Heath et al. 2002; Moll and Radach 2003; Radach and Moll 2006) , driven in combination by both anthropogenic and climatic forcing, over decades.
COMPARISON OF WATERSHED PROPERTIES
Our 24-yr mean fluxes of TN per area for the continental rivers were 1685 6 424 kg N km 22 yr 21 , while Howarth et al. (1996) (Table 4 in Howarth et al. 1996) , the European continental rivers would transport 24% of this total into the sea, according to our estimates.
Compared with other rivers in Europe and around the North Atlantic, the continental N fluxes per area, which we derived from our load estimates, are large and the watersheds of these rivers are highly disturbed (. 1000 kg N km 22 yr 21 ). According to a recent compilation by the EEA (2005) (2005); they were obtained with the process-based river model MONERIS (Behrendt 2004) and are considerably higher than our estimates for the rivers Ems, Weser, Elbe, and Rhine (Table 4 ). According to EEA (2005) , the areaspecific N loads in north-western Europe are double (or more) than those in the Scandinavian countries. Total area-specific N loads vary by a factor of 5 for large European river catchments. The principal source for N pollution in European waters is the runoff from agricultural land, contributing typically about 50-80% of the total load. With increasing human activity, especially more intensive agriculture, the total area-specific loads of N increased (EEA 2005) .
Our average TP flux of 112 6 44 kg P km 22 yr 21 for the continental watersheds is similar to the value of 117 kg P km 22 yr 21 given by Howarth et al. (1996) for the whole of the North Sea watersheds. In comparison, using the model MONERIS, for P the largest area-specific loads of European rivers were calculated for the central Balkan river Axios (about 300 kg P km 22 yr 21 , due to point sources) and for river Ems (about 250 kg P km 22 yr 21 , due to very intensive agriculture). Estimates for area-specific P loads of the rivers Rhine (130 kg P km 22 yr 21 ), Weser (100 kg P km 22 yr 21 ), and Elbe (80 kg P km 22 yr 21 ) were also given by EEA (2005) . Each of these is higher than our corresponding estimate. For P, point sources such as households and industry are still the main contributors (EEA 2005) .
Our results for riverine N discharge are higher than have been calculated for any other watersheds discharging into the North Atlantic Ocean (Fig. 2 in Howarth et al. 1996) , even higher than those from the northwest coast of Europe (1300 kg (McIsaac et al. 2002) . The area related fluxes of the continental rivers for P are also very high in comparison to other Atlantic watersheds (Fig. 2 in Howarth et al. 1996) , but lower than those for the northeast coast of the U.S. (139 kg P km 22 yr 21 ) and the Amazon basin (236 kg P km 22 yr 21 ).
INFLUENCE OF NAO ON THE PRECIPITATION PATTERN
The nutrient concentrations in the North Sea are determined by a number of factors, the most important of which are the Atlantic inflow, riverine inputs, and atmospheric inputs (OSPAR 2000) . The latter two input pathways are unidirectional (although, after conversion by the ecosystem, there may also be fluxes back into the atmosphere, e.g., by outgassing of N 2 through denitrification). All of these inputs are influenced by the northern hemispheric weather regime. Since the mid 1990s it has become clear that seasonal cycles of climate variables can no longer be assumed stationary for longer time scales (Dickson et al. 1988 (Dickson et al. , 1996 Hurrell 1995) . The North Atlantic Oscillation (NAO) is the dominant mode of climate variability in the area of the North Atlantic. Regional temperatures, precipitation, as well as wind speed and direction, over northern Europe are strongly influenced by the NAO on a decadal time scale, as was reviewed by Hurrell (1995) . It has been shown that winters with high NAOI are associated with drier conditions over much of central and southern Europe and wetter than normal conditions over Scandinavia. The resulting precipitation pattern shows especially reduced precipitation over the Alps. Increased snowfall over the Alps can be associated with a return of NAOI to lower values (Hurrell and Van Loon 1997) . The latter authors compared the precipitation anomalies of 14 winters (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) as departures from the 1951-1980 mean. The zero deviation contour runs across southern Germany, separating regions of more precipitation to the north and of less precipitation to the south. According to these results, the river Rhine, and perhaps also the river Elbe, should be more strongly influenced by the regions of lower precipitation than the rivers Ems and Weser.
Our linear correlation analysis of the time series of precipitation, freshwater discharges, and nutrient loads was not able to show a clear relationship with NAO. How do our results fit to those of Hurrell (1995) ? When looking closer at the findings by Hurrell (1995) and others, it appears that the reason why we did not get clear correlations may lie in the fact that the signature of the NAO is strongly regional. Hurrell (1995) selected winters with high NAOI (1983, 1989, 1990, 1992, 1993) and winters with low NAOI (1979, 1985, 1986, 1987, 1988) . He then calculated the mean vertically integrated total moisture transport from ECMWF analyses for both sets of these years. A significant reduction of the total atmospheric moisture transport occurs over parts of southern Europe and the Mediterranean. During high NAOI winters, drier conditions occur over much of central and southern Europe. Long-term station records of wintertime precipitation support the findings, but for our catchment regions the only station given by Hurrell (1995) is Frankfurt-Main, where a weak correlation between precipitation and winterly NAOI was established (r 5 20.19, p 5 0.05).
It seems that the reason for the missing correlations between winter precipitation and NAOI in the considered catchment areas arises from the fact that the rivers run through regions in which the influence of NAO changes. Our correlation analysis cannot capture that proportion of the variations in precipitation over the catchment areas of the rivers considered which is imposed by climate change. Our interpretation is supported by Bouwer et al. (2006) , who found no correlation between the time series of winter (December-February) discharges of 11 large European rivers, including the rivers Rhine, Elbe, Weser, and Meuse, with NAOI over 6 to 10 decades. They did find correlations between the frequency (number of days) of western circulation in winter and discharge. Shorthouse and Arnell (1999) also found strong relationships between winter river discharge and NAOI in Scandinavia and the Iberian Peninsula, but not in central Europe. In any case, the temporal developments of precipitation, freshwater discharge, and nutrient loads show long-term trends, superimposed by a 6-7 yr oscillation plus weather-induced variability.
CONSEQUENCES FOR THE ASSESSMENT
OF EUTROPHICATION The process of eutrophication in the North Sea can be understood and assessed only when considering the effects of the changes of anthropogenic nutrient inputs on the continental coastal strip together with climatic changes, since the latter involve, e.g., changes of precipitation over the catchment areas. A strategy for assessing the past and present status of eutrophication in the coastal waters must consider not only mean states but also temporal variability, especially of river loads. Monitoring programs must be able to observe peak concentrations as well as singular events in the coastal waters. The scientific assessment of eutrophication must solve the following tasks, among others: to define criteria for endangered areas and nontolerable states, to develop monitoring strategies that enable the detection of such areas and states, and to find ways to separate anthropogenic from natural causes. The first task has been taken up, and detailed criteria were developed, according to which the European seas have been classified using existing data sets (Brockmann et al. 2002) . The second and third tasks could be supported by using the time series of nutrient loads presented here.
The second task faces the problem of ensuring sufficient observational resources for covering the seas with the necessary resolution in time and space. The temporal resolution must be more in the range of days to one week rather than months. The OSPAR nutrient monitoring program (OSPAR 2003) and its related monitoring guidelines were unified based on agreed harmonized assessment criteria, but the time and space scales they suggest are too large in our view. We argue that for this task simulation models should be used that take up the time series of river loads like the ones we presented as input and forcing variables. In this way the temporal and regional distribution of problem areas in the North Sea could be investigated for past and possibly also future scenarios. One important problem has to be solved first. The time series of the loads have to be corrected for retention of nutrients in the estuaries before performing the outlined model investigations.
For the open North Sea a conceptual framework exists in the form of (with respect to biology still relatively simple) simulation models, which seem to be the only tool for separating the effects of several agents acting in parallel on different scales with high variability. Model simulations can help to understand past eutrophication by hindcasts, and they can indicate which temporal and spatial resolution is necessary (in observational grids and models) to resolve the important events.
Pätsch and Radach (1997) attempted the reconstruction of the eutrophication of the North Sea for the period 1955-1993 using simulations with a relatively simple ecosystem model. They used the time series of daily river loads presented here as forcing functions, but only for the period 1977-1993, and loads from other sources (Anonymous 1992; Lenhart et al. 1996) . In this way, they introduced the large observed variability of nutrient inputs to the North Sea into the model. Due to the observational gaps before this period they had to supplement the time series by estimates for the years 1955 -1976 (Bennekom et al. 1975 Postma 1978; Nelissen and Steffels 1988) to enable a 40-yr run. Using these forcing data they were able to reproduce the decadal development of eutrophication in the North Sea during 1955-1993 with some success. A model comparison (OSPAR et al. 1998) showed that the use of these realistic riverine nutrient inputs in the decadal simulation by Pätsch and Radach (1997) gave results closest to observations in the continental coastal zone of the North Sea. Pätsch and Radach (1997) as well as Lenhart et al. (1997) showed that the coastal ecosystem reacted with only short time delays to the strongly variable river inputs. This is an important aspect for the design of monitoring programs and the assessment of eutrophication.
The third task can hardly be achieved by monitoring programs. The mixture of anthropogenic and climatic influences on the coastal waters can probably only be unravelled and explained, perhaps also even be hindcasted, by models simulating alternative scenarios in order to assess the individual roles of the different influences (Lenhart et al. 1997) .
Our time series of daily discharges and nutrient river loads from the European continental rivers for 1977-2000 are suitable as forcing for decadal model simulations. The properties of eutrophication as defined in official documents of European authorities are based on time scales of several months (averaged over many years) and regions of some 100 km extension. These scales are too large to detect event-like features of eutrophication. Model simulations using a sufficiently resolved grid could show how the high variability of the nutrient loads would create temporal and spatial variability in the coastal waters. Their results could then be evaluated according to the guidelines from OSPAR (2001, 2002) to pinpoint critical time ranges and areas, probably better than those derived from the observations alone.
A precondition for quantifying the anthropogenic enrichment of nutrients in the coastal zone by simulation models is the knowledge (or estimate) of pristine conditions in the past. For the North Sea, Howarth et al. (1996) estimated the ratio of current riverine N export to pristine N river export to be 6.3 to 19.1. Pätsch and Radach (1997) extrapolated the loads backwards to 1955, which resulted in a factor of 3.3 for TN and 9.8 for TP when comparing the years 1980 and 1955.
The duration of our time series from 1977 to 2000 is not long enough to reach into these decades of pristine conditions, as for instance the time series of observed nitrate flux for the Mississippi River does, which started in the mid 1950s (McIsaac et al. 2002) . Up to now the observed time series had to be extrapolated into the past on a vague database (Pätsch and Radach 1997) . New methods, like applications of the d 15 N method by Voß and Struck (1997) and Emeis et al. (2002) , may help to reconstruct the temporal development of N loads. This would improve the modelling approach for discriminating the natural from anthropogenic causes of eutrophication. In cases where no continuous time series of observations are available, modelling of riverine nutrient inputs may solve the problem. Processbased river modelling is now being developed (e.g., Andersson and Arheimer 2003; Behrendt et al. 2005) .
